This paper summarizes the material and fire properties of solid flammable/combustible materials /substances /products, which are used as inputs for the computer numerical fire models. At the same time it gives the test standards for their determination.
INTRODUCTION
A fire modelling is a progressive discipline of the fire-safety engineering because it is more and more used in practice when designing buildings and their structures, evaluating fire hazards, investigating the causes of fires, the spread of dangerous gases and vapors by flowing etc. Deterministic models are divided into the models of field which include programs FDS [ [11] . The models predict the behavior of a fire e.g. inside buildings, specifically they describe the gas temperatures, heat flow rates through the openings, heat flows, opacity of smoke, production of selected toxic gases / vapors, the reduction of the strength or the extent of damage of building components and activation time of sprinklers, electrical fire detectors in defined positions (x, y, z) during the time of simulated fire, see the example in Fig. 1. 
DENSITY
The bulk density of a material ρ [kg/m 3 ] is its mass per unit volume [12] . Density of materials varies for two reasons during heating: releasing the contained volatiles (combustible or non-combustible) and expansioning -volume dilatation (expansion or contraction).
Density of the materials is determined by their weight and volume, see e.g. [13] and [14] . Temperature dependence on density is determined by the temperature changes of a mass with the thermogravimetric analysis, and by volume changes with the dilatometric analysis.
SPECIFIC HEAT CAPACITY
The specific heat capacity of materials under constant pressure, cp [kJ/kg.K] is the amount of heat required for rise of the temperature of 1 kg by 1 K [15] :
where is the rate of steady flow of heat conduction per unit area in the x-direction [W/m 2 ], and (dT/dx) is a temperature gradient in the x-direction. Thermal conductivity depends on the moisture content, temperature, porosity, density and microstructure of the material. Some models neglect those dependencies and prefer to use a constant value for the thermal conductivity.
There are two methods for measuring the thermal conductivity of solids: a method of steady state and a transient state method. Method of steady state uses a heat source to maintain a constant temperature gradient across the sample. It is slow and we often need several days to determine the thermal conductivity at several temperatures [17] . Transient state method is classified generally as a method of a "hot drive" [18] . It is measured by the rate of rise of temperature of electrically-heated sample lines in the ambient of sample at a given temperature. This method is much faster than the steady-state method.
THERMAL INERTIA
The thermal inertia of the material ,
, is a product of the thermal conductivity λ, (see para. 3 above), the density ρ (see para. 1 above) and the specific heat capacity cp (see para. 2 above). It is used when modelling the transient heating of solid substances/materials. The greater thermal inertia, the longer it takes to reach temperatures of the flow of contained volatiles.
Modelling problems can occur, especially when the solids degrade thermally rapidly, for example, when the flame is spreading on the surface, therefore it is useful to establish an effective thermal inertia of materials, ρ c. The effective thermal inertia is determined by analyzing igniting data by an auxiliary source of ignition when exposed to radiant heat [19] , [15] .
IGNITION TEMPERATURE
Ignition of solid fuels is defined as the start of flame combustion in the gaseous phase [20] . When the solid material is exposed to the external heat, it starts to decompose thermally /pyrolyze at the certain time. Fuel vapors are mixed with air in the boundary layer. Shortly after, a pyrolysis Article no. 10 THE CIVIL ENGINEERING JOURNAL 2-2016
.14311/CEJ.2016.02.0010 4 rate may already be sufficient to achieve the LEL and the mixture may ignite under certain conditions. There are two types of ignition: with auxiliary piloted ignition and without the auxiliary source. Flame combustion of the gas mixture is initiated with a small ignition source when igniting with the auxiliary piloted ignition. Piloted ignition may be a small gas burner flame, an electric spark or a hot wire. A solid surface shall achieve a sufficiently high temperature at which the combustion reactions take place to ignite without the auxiliary source. It is difficult to predict when the solid fuel ignites at a certain heat flux. A critical surface temperature when igniting is often used as a criterion for ignition. This critical temperature is the ignition temperature. It is higher without auxiliary piloted ignition than with this source. But the ignition temperature is the material property and it does not change with heat flux density for each type of ignition.
Ignition temperature [°C] can be determined in several ways. In the Czech Republic there are commonly determined: -flash points and ignition temperatures of solid combustible materials with the method according to Setchkin, see [21] -ignition temperatures of flammable gases and vapors with the test method that simulates the risk of ignition from hot surfaces, see [22] . Further there are published the test methods that measure: -surface temperatures when testing ignitability by using very fine thermocouples attached to the surface of a sample [19] . This method is difficult because it is difficult to control the fine thermocouples and ensure good contact with the surface to be measured, -the temperatures of the surface of a material sample using an infrared pyrometer targeted to a small area of the surface. In this case the disadvantage is that the heat radiation is measured and the surface temperature is not. Thermal radiation is partly emission and partly a reflection from the test surface. As the surface characteristics (emissivity, reflectivity and absorption) change during the exposure, it is not easy to calculate the surface temperatures from the pyrometer record; -another way is to check the surface temperature by the application of the theory of ignition in a series of measured test results (various times to ignition at different heat fluxes). Then the ignition temperature is obtained from the heat balance equations at the critical density of the radiant flux and for the steady state. We must mention the test standard setting the ignitability of building products using a radiant heat source [23] .
GROSS HEAT OF COMBUSTION
The heat energy releases in all reactions of combustion/burning. Combustion heat, Δhc [kJ/kg] is defined as the amount of heat generated by the complete combustion of fuel unit, see e.g. [24] .
Gross heats of combustion are measured by the combustion bomb calorimetry [30] . A known amount of fuel is burned completely in an apparatus comprising pure oxygen. The gross heat of combustion is calculated from a known mass of fuel and a temperature increase after subtracting of the dissolving heat and the heat of formation of H2SO4 and HNO3. The net heat of combustion is obtained by subtracting the latent heat of evaporation of water caused by burning of hydrogen (contained in the combustible material) and moisture contained in the original sample. Effective heat of combustion is determined e.g. by the conical calorimetry [25] , which measures the mass loss rate and the heat release rate. 
HEAT OF GASIFICATION
Heat of gasification of material Δhg [kJ/kg] is equal to the heat that must be supplied so as the unit quantity of material converts to the gaseous volatiles [15] : For burning sample the absorbed heat flux directed to the material is equal to the sum of heat fluxes of radiation and convection from the flame and external heat flux (from the radiant heat emitters in small-scale tests) minus the heat losses by radiation from the surface. These properties are dependent on the surface temperature, which is very difficult to measure. The cone calorimetry [25] is used to determine Δhg in connection with the measurement of the surface temperature. For some materials the surface temperature is approximately constant and independent of the exposure conditions. A graph of the dependence of the mass loss rate on the external radiant heat flux density is nearly linear for this type of materials. Then the Δhg values can be estimated as the inverse of the slope of the regression line extending across points of the measured data. Unfortunately surface temperatures are not constant for most materials (materials that char and materials with high production of smoke). In this case the modified equation for the Δhg is used and the time-dependent curve of the heat of gasification is obtained instead of one of its values.
REACTION HEAT
Reaction/(pyrolysis heat, Δhp [kJ/kg] is the energy emitted or consumed during pyrolysis or the thermal degradation of the material [15] . It can be also defined as the difference between the enthalpy of the starting material and the reaction enthalpy of the pyrolysis products. In the calculations of reaction heat it is supposed that the products are present at the thermal decomposition temperature and the original material is present at ambient temperature. The reaction heat of a small sample, which is subjected to the prescribed thermal conditions, is measured by a laboratory test. The reaction heat or the corresponding change of the enthalpy is usually the input parameter in the balance equations of energy for solid materials, which are degraded thermally. Reaction heat is used in the mode where the temperature profile in a solid material, which is heated, is calculated. Generation of internal energy term may be described in several different ways depending on the used model. A common way is to multiply the reaction heat Δhp [kJ/kg] with the local decomposition rate [kg/m 3 .s] thereby obtaining a member of the generation of energy. Instead of the reaction heat it is possible to use a specific heat capacity and the enthalpy of formation and the computer program calculates the enthalpy and the corresponding reaction heat. Some models do not have a term with the reaction heat, because they assume that the change of the real energy is zero.
The most common experimental method for measuring the reaction heat is the Differential Scanning Calorimetry (DSC) [16] . A small amount of sample (mg) is placed in the apparatus and it is subjected to the thermal degradation by a specific exposure to heat in the time. Heat is supplied to a sample and an inert reference material and both materials are maintained at the same temperatures. Added heat is recorded and it is assumed that it is equal to the heat loss or heat gain as a result of the endothermic or exothermic reactions. These results are influenced by several factors: e.g. particle size and heating rate. Thus, these results for such small samples cannot be considered as the representative behavior of materials in practice. DSC methods can be used for measuring the specific heat capacity of materials and enthalpy associated with the Article no. 10 THE CIVIL ENGINEERING JOURNAL 2-2016 Another method used for determining is the Differential Thermal Analysis (DTA) and the Thermogravimetry (TA) [26] . Temperature differences between the sample and the reference material are measured as a function of temperature and the reaction heat is calculated from these results.
PRODUCTION RATE OF SPECIES
Combustion species are substances that result in the actual combustion process [20] . As a result of complex chemical reactions that take place during the fire, it is not possible to predict the production rate of species only from one chemical reaction. Therefore, we must rely on experimental data.
Some experimental devices record the formation of the different products. The Cone calorimeter, the furniture calorimeter and experiments in the fire room measure certain products with specific gas analyzers. Concentrations of O2, CO, CO2 and hydrocarbons are often measured in these fire tests. The yield for individual measured products can be achieved according to the following relationship with experimental measurements and assuming that the production rate of species is proportional to the mass loss rate of a fuel: 
The value Yj may vary during the time depending on the combustion conditions. In this case it is necessary to define Yj as a function of time and not as an average value of time as expressed above. Instantaneous value Yj at time t * is given by the following formula:
This approach simplifies the problem of prediction of the production rate of species in a fire. Great attention must be paid to the experimental methods used to obtain the data. Several variables affect the production rate of species, e. g. fuel type, geometry of the fuel and retroaction of heat radiation on the surface of the fuel. It is also a function of ventilation in the fire room and can be changed orderly up among the conditions of lack of air and excess air conditions. Useful apparatuses for this type of experiments: cone calorimeter [25] , and furniture calorimeter and room / corner test [27] , [28] , large-scale verification test [29] .
MASS LOSS RATE
Most of the fuels in a fire are burning in a gas phase by a flame. Mass loss rate ̇ of a fuel is equal to the rate at which the fuel gasification takes place [25] , [45] .
.s] is measured under the prescribed temperature conditions. Mathematical models of fire inside the room can predict the thermal environment in defined positions and the mass loss rate only on large surfaces, if the surface spread of flame is accurately calculated. It is common to divide the surface into small parts/segments, so that the heat flux to each part can be regarded as the same. Algorithms of flame spread (in both directions) in the model are determined, when a certain part / segment ignites. After ignition, this model uses the speed of a mass loss determined in the whole range of densities of radiation heat fluxes in the laboratory or large-scale tests. The mathematical model must also consider the orientation of the fuel. This is achieved by the exposure because the orientation affects predominantly retroaction of flame to fuel and consequently the exposure on interfaces solid fuel/gas. Useful apparatus for the measurement in question -for large surfaces in a laboratory scale using a cone calorimeter [25] , -for the data from the large-scale tests using the room-corner test, furniture calorimeter and large-scale test [27] , [28] a [29] .
HEAT RELEASE RATE
Realistic calculations of a fire influence require knowledge of the burning rate. This can be expressed as a mass rate of generation of volatiles (products generated by the reaction) or as the heat release rate (heat flow rate) with SI units in [W] or [kW] [25] .
The heat release rate cannot be predicted from a measurement of material properties. It is a function of the thermal environment, and the volatility of the fuel and combustion efficiency of volatiles. The heat release rate is expressed by the formula [25] , and furniture calorimeter and room/corner test [27] , [28] , Large-Scale Validation Test [29] . When applying data in the models of a fire room, it is appropriate to take into account the limits of ventilation and the back flow of heat from the upper layer of smoke and from the walls.
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PYROLYSIS TEMPERATURE
If the solids are exposed to external heat, they start to decompose at a certain pyrolysis temperature Tp [°C] or [K] [34] , [45] . Pyrolysis is defined as the thermal decomposition under oxygen absence [30] . Certain types of plastics (e.g. PMMA) burn more or less like liquids. Phase transformation (of solid to liquid) occurs on the surface and the solid residues do not occur here. Other materials, such as wood, do not evaporate completely but produce carbon residues. The charred layer increases during time and a thermal decomposition occurs in a greater depth below the surface. For both types of materials, the thermal decomposition is described with combination of chemical reactions by Arrhenius-type equations for all components of the fuel: (12) [K] . Modelling of the pyrolysis using Arrhenius-type equations is not easy even in the case when the fuel contains about one component. It is difficult to find kinetic parameters A, n and E. During heating at rates that are typical for fire conditions, many building materials begin to decompose thermally already at a certain lower temperature at which the thermal decomposition is negligible. This temperature is controlled by the activation energy. The thermal decomposition occurs in a relatively narrow temperature interval. This is due to the fact that after the beginning of the heat decomposition the rate increases rapidly and the temperature increases only by a few degrees. At the same time a fuel is consumed and a density member approaches rapidly to zero. It may be assumed that the material begins to decompose immediately at the pyrolysis temperature Tp.
Pyrolysis temperature Tp of some materials can be found in the literature, or it is determined by thermogravimetric analysis, e. g. [26] . The essence of this method is the measurement of the rate of a mass loss rate of a small amount of material during heating at constant speed. Arrhenius´s equations are used to correlate the data. As explained above, the thermal decomposition takes place within a small temperature interval. Tp can be estimated as the average of this interval. It differs from the surface ignition temperature Tig when igniting with the auxiliary piloted ignition, but they are often very close to each other for some materials and Tig can be used as an estimate for Tp.
AIR/FUEL RATIO
Air/fuel ratio, is the amount of air
[ ] required for combustion of fuel amount mp [kg] according to the following relationship [20] :
The so-called fuel-air equivalent ratio is often used as the mass fraction of the fuel/oxygen to fuel/oxygen ratio needed to form a stoichiometric mixture, see formula [14] :
Stoichiometric combustion means the combustion in which the  = 1.
Efficient air/fuel ratio used in some mathematical models of fire is greater than or equal to the stoichiometric air/fuel ratio. Air/fuel ratio is used in fire models to calculate the burning rate and the heat release rate. It is a dimensionless and specific for each fuel.
The stoichiometric fuel-air ratio can be calculated from the stoichiometry of the reaction equations, but this is not often possible, since elemental composition of the fuel is unknown. It is determined most commonly by calculating the ratio of the amount of energy released by combustion of unit mass of air when exhausting its oxygen content and from the gross heat of combustion [30] .
COMBUSTION EFFICIENCY
Effective heat of combustion is smaller than the net heat of combustion due to incomplete combustion of fuel vapor. Combustion efficiency (or burning efficiency) χ explains imperfect combustion / burning [30] : χ = ∆ℎ , ∆ℎ (15) where Δhc,eff is the effective heat of combustion [kJ/kg] and Δhnet is the net heat of combustion [kJ/kg]. Combustion efficiency is in the range from 0.4 to 0.9 for most hydrocarbons. It can be measured using a cone calorimeter [25] , or bomb calorimetry [30] .
CONVECTIVE HEAT TRANSFER COEFFICIENT
Convective heat transfer relates to the movement of heat (energy) between the solid surface and the surrounding fluid substance due to temperature difference between them. The convective heat transfer coefficient  is used for its description. It is defined as [15] . (19) where C2, x and y are constants.
EMISSIVITY
Emissivity of materials  is the ratio of energy emitted per unit area of real material and energy radiated by a black body at the same temperature [20] . It represents the thermal properties of the heat radiation integrated over all wavelengths. It is a dimensionless quantity and its maximum value for a black body is equal to one. There are several standard tests for measuring the emissivity of materials. The test specimen of the material is usually placed in an evacuated chamber and is typically electric-heated to a temperature of interest. The energy dissipated by a material is determined and it is equal to the radiative heat transfer to the surroundings. The ] and T is the thermodynamic temperature [K], the temperature difference between the vertical surface and the air temperature.
Emissivity can be measured for example by a thermocouple, by an infrared camera TESTO and subsequently by calculation using the following formula (20) or by a spectrometer [31] : (20) where TT is the surface temperature measured by a camera [°C] , TR is the ambient temperature (radiation) in [°C] , Tw is the temperature [°C] measured by a thermocouple, n is the exponent expressing the dependence of the heat flux on temperature.
FLAME EXTINCTION COEFFICIENT
The flame extinction coefficient k correlates the average parameters of heat radiation, that is the emissivity, flame intensity and temperature for the entire spectrum of wavelengths in a mutual relationship. It is used to calculate the emissivity of the flame in the following empirical equation [45] : The coefficient k may be estimated from measurements of emissivity ε and the optical length l by the relationship: (22) Flame extinction coefficient can be determined by measuring all quantities in equation [45] except for k. Fire models usually contain similar empirical equations, but often without detailed specifications. Flame spread parameter, for a certain orientation, and the standard medium in the air is typical for heat transfer from the flame to the fuel in the neighborhood of the lower part of the flame before the flame front. It is a material property.
Flame spread parameter φ can be obtained by a correlation of data of counter-flow flame spread, that is the flame spread rate at different radiant heat flux (or surface temperature). ASTM E1321 [19] describes a method for measuring the characteristics of flame spread.
CONCLUSION
Thermal technical and fire characteristics of materials are important input data determining the quality of predictions from numerical models and should be selected according to specific scenarios of fire. Some models have their own small database of material properties, e.g. [44] or determinated by tests with standardized internationally recognized procedures, see the text above incl. [45] , [46] . However, the data obtained from the literature or laboratory tests do not guarantee proper behavior of the materials, as in real scale, which can be evaluated by the verification and validation of the calculations from the used mathematical model in comparison with e.g. the data measured during the large-scale fire test. It is the task of fire research, among others to develop. Pyrolysis models applicable to most flammable materials and methodologies for determining material properties as input data for CFD mathematical fire models and to complement relevant databases accessible to all interested parties.
